INTRODUCTION
On March 24, 1989, the oil tanker Exxon Valdez ran aground in Prince William Sound, causing the worst accidental oil spill in history. Captain Joseph J. Hazelwood was in command of the ship, although he was not on the bridge at the time of the accident. Almost immediately, rumors and allegations surfaced suggesting that Hazelwood was intoxicated, but no hard evidence came to light. A captain at sea is a long way from the nearest police officer with a breathalyzer. Hazelwood denied having been intoxicated, and an Alaska jury acquitted him of the charge. There seems to be no way to prove whether or not Hazelwood really had been drinking. Or is there?
Recent work in the Speech Research Laboratory at Indiana University's Psychology Department suggests that intoxication can be detected by acoustic-phonetic analyses of a suspect's voice.' The National Transportation Safety Board (NTSB), the federal agency charged with investigating the Exxon Valdez accident, made available to the authors copies of tape recordings of conversations which took place between Captain Hazelwood and the Coast Guard from before, during, and after the accident. 2 Analyses of these tapes suggest that Hazelwood was indeed intoxicated when his ship ran aground. 3 This novel application of speech science techniques for measuring the effects of alcohol on speech has never, to the knowledge of the authors, been attempted in a civil or criminal case.
Our analyses raise several obvious questions: Are the results reliable? How certain can we be that Captain Hazelwood was intoxicated? And, if this new testing procedure, based on voice recordings, can indeed determine that someone was under the influence of alcohol, are the results admissible in court?
The answers to these questions have implications beyond their obvious application to determining fault in the more than three hundred pending lawsuits concerning the Alaska oil spill. 4 In many cases, defendants may be far away from the nearest breathalyzer or may refuse to submit to blood-alcohol tests. In the absence of reliable, objective evidence of whether a defendant had been drinking, courts must rely on a presumption of guilt based on a defendant's refusal to take a test, 5 admit the speculative opinions of witnesses, or let the jury guess after listening to tape recordings. 6 If a new measurement procedure exists that can, at least in some cases, provide objective indications of a person's physical state or condition, then courts could more reliably convict the guilty and acquit the innocent in cases where no chemical blood test results exist.
In this article, we describe this new testing procedure, using the analyses performed on Captain Hazelwood's voice as an example. We then discuss whether the results should be admissible under the rules governing novel scientific evidence. We conclude that the kinds of acoustic-phonetic analyses described in this article produce reliable and relevant evidence that should be admitted when supported by proper expert testimony. We do not claim that speech analyses conclusively prove that Captain Hazelwood was intoxicated when the Exxon Valdez ran aground. Rather, we believe that the analyses of Hazelwood's voice produce data consistent with intoxication. They therefore should be admitted into evidence and considered by the jury along with other relevant information.
II. THE SCIENTIFIC EVIDENCE: DETERMINING INTOXICATION FROM VOICE RECORDINGS
Alcohol is generally considered to be a central nervous system depressant. Significant blood concentrations of alcohol have been found to impair coordination, reflexes and nerve transmissions. 7 This kind of loss of motor control would seem naturally to affect speech. Indeed, controlled laboratory studies have demonstrated that alcohol produces three kinds of changes in speech production: gross effects, segmental effects and suprasegmental effects. Examples of each are listed in Table 1 .
Gross effects in speech production involve the alteration of entire words. Alcohol impairs a speaker's ability to retrieve words from memory and utter them in the proper sequence. A speaker who has consumed alcohol may revise, omit or interject words, sounds, or phrases. 8 One common example of a gross effect is the reversal of two words in a sentence (a spoonerism), e.g., "work is the curse of the drinking class."
Segmental effects, on the other hand, involve the misarticulation of specific speech sounds, notably the phonemes /r/, Al, /s/ and /ts/. These mispronunciations are easily detected in spontane-ous speech if one can compare examples of a person's intoxicated speech to that person's speech while sober. 10 Although some segmental effects may accompany any kind of loss of motor control," the substitution of an /sh/ sound for /s/ seems to be unique to loss of control caused by alcohol. 12 Finally, suprasegmental effects involve changes in the duration, pitch and amplitude of speech. Intoxicated speakers talk more slowly, often use a lower mean pitch, and display greater pitch variation than they do when they are sober.' 3 When these changes in speaking rate and pitch can be quantified, they are usually the most salient indication of alcohol impairment. Differences in rate and pitch of an intoxicated speaker can be measured objectively using conventional digital signal processing techniques.' 4 The resulting measurements may then be easily compared to similar measurements made from samples of the speaker's sober speech. 15 Two other common suprasegmental effects are vowel lengthening 16 and lengthening of consonants in unstressed syllables. 17 In trying to determine if Captain Hazelwood had consumed alcohol, we applied speech analysis techniques to five samples of his speech culled from audio tapes provided by the NTSB. According to the NTSB, these recordings were made thirty-three hours before the accident, one hour before the accident, immediately after the accident, one hour later, and nine hours after the accident. All 11 For example, common speech errors include consonant reversals ("a two-sen pet" instead of "a two-pen set") and vowel reversals ("fool the pill" instead of "fill the pool"). BORDEN & HARRIS, supra note 9, at 57. 12 [Vol. 82 Table 1 Effects of alcohol on speech.
Gross effects
Word/phrase/syllable interjection.
Word omission.

Word revision.
Broken suffixes.
Segmental
Misarticulation of "r" and "l". effects "S" becomes "sh".
Final devoicing, e.g., "iz" -> "is".
Deaffrication, e.g., "church" -> "shursh".
Suprasegmental
Reduced speaking rate. effects Decreased amplitude.
Mean change in pitch range.
Increase in pitch variability.
taped communications contained the phrase "Exxon Valdez." This utterance was the focus of our quantitative analyses because it was the same phrase used several times, and it contained tokens of the fricative consonant /s/. We first looked for gross effects. Gross effects usually are difficult to measure in spontaneous speech, because the listener does not know what word was intended by the speaker. Nevertheless, we found several examples of gross errors where the intended word was obvious, or the speaker himself corrected the mistake. These are summarized in Table 2 .
We also found several segmental errors in Captain Hazelwood's speech. We paid particular attention to the /s/ sounds in the phrase "Exxon Valdez." Although Hazelwood pronounced Exxon correctly the day before the accident, he misarticulated it as "ekshon" around the time of the accident. This subjective perception was confirmed by spectral analysis."' Additionally, the recordings made 18 Spectral analysis techniques are commonly used to measure the distribution of near the time of the accident reveal several misarticulations of / and Al in the words "northerly," "little," "drizzle," and "visibility". Finally, the authors found several examples of final devoicing, as/z/ in Valdez became an /s! ("valdes"). These findings suggest that at the time his ship ran aground, Captain Hazelwood was having difficulty with the fine motor control used to produce these sounds. The findings do not, however, prove that this loss of motor control was caused by alcohol consumption.
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The most salient indication that a loss of motor control is due to alcohol consumption is the prevalence of suprasegmental effects. We focused on speaking rate and voice fundamental frequency.' 9 We measured the duration of the speech segments in the phrase "Exxon Valdez" in each sample, taking the average of at least two occurrences of the phrase in each time period. The results, summarized in Table 3 , show that it took Captain Hazelwood approximately 50% longer to say the phrase "Exxon Valdez" at the time of the accident than the day before.
Speech theory predicts that changes in duration will be most noticeable in vowel segments 20 and unstressed consonant segments. 2 1 Looking at the /E/ and /on/ in Exxon and the initial /V/ energy at different frequencies as a function of time. The results are often displayed as speech spectrograms, or "voiceprints," in order to reveal the dynamic time-varying nature of speech. See JAMES L. FLANAGAN, SPEECH ANALYSIS SYNTHESIS AND PERCEPTION 141-63 (2d ed. 1972).
19 Because the communication equipment had automatic gain controls and the distance between the speaker and the microphone probably varied, we could not measure changes in the amplitude of the speech. in Valdez, the slowed speech is particularly apparent. These results are summarized in Table 4 .
Finally, we calculated voice fundamental frequency (pitch) across the phrase "Exxon Valdez." For each of the five relevant time periods, we measured the pitch of all four vowel sounds in two productions of "Exxon Valdez", and averaged the eight measurements. Voice pitch was dramatically lower in the samples recorded around the time of the accident. Variability of fundamental frequency was correspondingly greater in the voice samples taken at the time of the accident. Lowered pitch and increased variability are characteristic of alcohol-impaired speech, so this evidence also suggests that Captain Hazelwood had been consuming alcohol at the time his ship ran aground. These data are summarized in Tables 5  and 6 .
The acoustic-phonetic differences found in the speech samples supplied by the NTSB are consistent with the findings of controlled laboratory studies on the effects of alcohol on speech. 22 However, they do not prove that Hazelwood was drunk. In fact, unless other obvious explanations for the pattern of changes can be discounted, the pattern is not even strong evidence of intoxication. Speech is affected by the physical state of the speaker, especially when that state is characterized by stress or fatigue. Measurements made from tape recordings can be affected by malfunctions or variations in the recording equipment. In the Hazelwood case, however, these alternative explanations can be discounted.
A. THE PHYSICAL STATE OF THE SPEAKER
Joseph Hazelwood would undoubtedly have been under some psychological stress following the Exxon Valdez accident, and would logically have become increasingly fatigued as the hours wore on. However, neither of these two factors appears to explain the specific changes in his speech found on the tapes.
Stress might be expected to affect Hazelwood's speech immediately after, one hour after and nine hours after the accident, but it could hardly have affected his speech one hour before the accident occurred. Yet, both segmental and suprasegmental effects are just as robust one hour before the accident as one hour afterwards. In addition, previous studies on speech production in stressful environments show that stress and alcohol affect speech in opposite ways. Stress causes pitch and speaking rate to increase rather than decrease. 23 Psychological states similar to stress, such as fear and anger, likewise produce increases in pitch and rate. 24 Alcohol, on the other hand, causes fundamental frequency (pitch) and speaking rates to decrease. In Hazelwood's case, both measures decreased.
Fatigue may cause changes in speech production which are similar to those caused by intoxication. Surprisingly, speech scientists have conducted little controlled research on the effects of fatigue on speech. In the absence of scientific data concerning the effects of fatigue on speech production, it is reasonable (and conservative) to assume that fatigue produces effects which are similar to the effects of intoxication: a general lowering of arousal, slower speaking rate, and lower voice pitch. It also seems reasonable to assume that a person's level of fatigue increases over time without sleep.
Given these assumptions, the pattern of phonetic changes seen in Captain Hazelwood's speech cannot be attributed to simple fa- tigue. He spoke more slowly and with lower fundamental frequency at the time of the accident than nine hours later. Indeed, his speech nine hours after the accident was similar to his speech the day before. If the changes could be attributed to fatigue, one would expect that fatigue-induced effects would be greatest nine hours after the accident, by which time Captain Hazelwood had been deprived of sleep for twenty-two hours. This expectation was not borne out by the data. 2 5
B. THE MECHANICAL STATE OF THE RECORDINGS
Measurements of pitch and duration of sounds are sensitive to fluctuations in the speed of tape recordings. If an audio tape is played at a slower speed, the voice will sound lower in pitch, and speech sounds will seem to have taken longer to articulate. These effects are similar to those caused by alcohol impairment.
To some extent, the risk of erratic tape speeds is reduced as long as both the control recording (in which the speaker is presumed sober) and the test recording (in which the state of the speaker is in question) were recorded and played on the same Table 5 Average Pitch of Voice in "Exxon Valdez" 
58
-33 -1 0 +1 +9 Hours from accident equipment. The test is a comparative one that does not depend on the true pitch and duration being known. A more reliable control is to measure some sound other than the suspect's voice that appears on both tapes. In the Exxon Valdez case, for example, Captain Hazelwood was talking to the same Coast Guard radio operator on the various tapes. Hazelwood's voice pitch and duration changed while the radio operator's did not. It is also possible to measure the average pitch of background noise on two tapes. This was done for the Valdez tapes. Again, the background noise did not significantly change, while Hazelwood's voice did. These observations reduce the likelihood that the effects measured were the result of mechanical problems in the audio tape recording.
C. OTHER FACTORS
Research on environmental and emotional effects on speech production has demonstrated that other factors also can cause suprasegmental effects similar to those caused by alcohol. A noisy environment has been shown to increase the variability of the fundamental frequency and to produce slower speech, but speech produced in a noisy environment tends to have a higher fundamental frequency rather than lower. 2 6 In another experiment, acceleration and vibration affected fundamental frequency and duration, but in a direction opposite to that caused by alcohol. 27 Several studies on mental workload with high cognitive demands (e.g., airline pilots, air traffic controllers) indicate that speech affected by the performance of a cognitively demanding task will display suprasegmental effects opposite to those observed with alcoholhigher average frequency and shorter duration. 28 Sorrow produces lower average frequency and slower speech, but seems to cause less rather than more pitch variability. 2 9
In short, there are no known environmental situations or emotional states that produce quite the same pattern of suprasegmental effects as alcohol impairment. These observations mean that, in theory, it is possible to classify changes observed across two samples of speech as more like the pattern found with alcohol-affected speech than with any other probable cause of impairment. There are, however, three caveats. First, it is not possible to give any kind of confidence rating to such a classification. There is not enough published laboratory data on individual differences which would allow the calculation of hit rates and false alarm rates for classifications based on these acoustic measures. 30 Second, there are some possible physiological effects on speech production which have not yet been adequately studied, such as fatigue, illness and being suddenly awakened. Any of these might conceivably produce effects similar to those measured after alcohol consumption. Third, no data have been gathered in more complex environments involving combinations of these stimuli.
D. SCIENTIFIC CONCLUSION
The ultimate conclusion to be drawn from our data is this: Analyses of audio tapes of Captain Hazelwood's speech cannot prove that he was alcohol-impaired at the time of the Exxon Valdez accident. Our analyses, however, provide objective tests for determining which of several possible explanations of Captain Hazelwood's physical state is the most likely. For example, if phonetic analyses revealed faster speech and higher fundamental frequency, we could attribute those changes to increased arousal caused by stress or anger, rather than intoxication. As it turns out, no such alternative explanation fits the observed pattern of changes in a simple way.
Analyses show a pattern of changes consistent with alcohol impairment. Captain Hazelwood's speech around the time of the accident, compared to his speech thirty-three hours earlier or nine hours later, is characterized by misarticulations of /r/ and Al, changes from /s/ to /sh/, final devoicing of /iz/ to /is/, reduced speaking rate, lower fundamental frequency, increased pitch variability, and a number of word and syllable revisions. This pattern of segmental and suprasegmental effects is consistent with the pattern of alcohol-impaired speech measured in a controlled laboratory environment. It is not consistent with patterns of speech affected by fear, anger, noise, acceleration, vibration, or increased mental workload. The pattern is partially consistent with speech affected by stress or sorrow, but these changes were observed on the audio tape 30 For example, it is not possible to offer reliable probabilistic statements such as: "Hazelwood had this pattern, and 95% of people who exhibit this pattern are intoxicated and only 10% of fatigued speakers show this pattern."
[Vol. 82 made one hour before the accident, when Hazelwood would probably not yet have been experiencing either stress or sorrow. The effects probably were not caused by mechanical problems affecting tape speed. Our analyses cannot rule out the possibility that Hazelwood's speech was affected in whole or part by fatigue, although logic and general theories of speech motor control suggest this is a less likely explanation than alcohol consumption. The question posed by our analyses, then, is whether this scientific evidence is admissible in court.
III. THE LEGAL STANDARD FOR ADMITrING NOVEL
SCIENTIFIC EVIDENCE
The problem of separating reliable scientific evidence from quackery is not new. For centuries, courts have wrestled with the question of whether to admit the testimony of expert witnesses. Although courts have not always come to the right results, 3 ' they have generally agreed on the procedural rule by which science was to be measured: the "general acceptance" test announced in Frye v. United States. 3 2 Within the last ten years, however, the effectiveness of the Frye test as a screening device for scientific evidence has come under increasing attack, led by Professor Paul Gianelli's watershed article. 3 3
A. THE FRYE TEST
The Frye test prohibits the courtroom use of scientific evidence until it has gained "general acceptance" in relevant scientific fields. The D.C. Court of Appeals announced the test in a case which ruled inadmissible the test results from a systolic-pressure measurement device designed to detect lies. The court stated, without precedent or citation:
Just when a scientific principle or discovery crosses the line between the experimental and demonstrable stages is difficult to define. Somewhere in this twilight zone the evidential force of the principle must be recognized, and while courts will go a long way in admitting expert testimony deduced from a well-recognized scientific principle or discovery, the thing from which the deduction is made must be sufficiently established to have gained general acceptance in the particular field in which it belongs. 3 4 This vague language probably was intended only to justify the exclusion of "lie detector" test results. Its negative tone expresses the presumption that scientific evidence will be excluded rather than admitted. This sets the Frye test at odds with the most fundamental principle of evidencethat all facts having rational probative value are presumed admissible. 3 5 Nevertheless, this language was widely adopted by courts as a general principle of exclusion, and is still the controlling law in some jurisdictions. 3 6 Courts have justified the adoption of a restrictive rule in part because of the fear that jurors are "easily overawed by conclusions voiced in court by articulate experts with impressive credentials." 3 7
The major weakness of the Frye test is that it fails to clearly distinguish between novel scientific evidence and reliable scientific evidence. The general acceptance test arises from a fear of science, 3 8 and therefore tends to exclude all new scientific evidence, whether or not it is reliable. Courts and commentators, in recognition of this problem, have increasingly criticized the Fye test on three grounds: it is bad science, it is bad law, and it is premised on bad psychology.
3 9
Frye is Bad Science
The Frye test was supposed to help judges distinguish scientifically reliable evidence from nonsense. The assumption that general acceptance of a procedure is synonymous with scientific accuracy, however, is dubious. This is especially true if courts rely on other judicial opinions to determine general acceptance. Testing proce- 
Frye is Bad Law
The Frye test is also bad law. Its terms are vague and ambiguous, and judges have difficulty applying it to novel scientific evidence. 4 5 In order to apply the Frye doctrine, a court must first identify the appropriate scientific field. New scientific evidence, however, may not be easily classifiable into a traditional field, or may overlap several fields. 4 6 How the court interprets the term "field" may therefore be dispositive. If the court defines the field broadly, it virtually assures that many scientists in that broad field will not have 40 45 If a testing procedure has been around a long time and still not gained general acceptance (e.g., the polygraph), the Frye test is indeed one measure of the scientific unreliability of the test. If the testing procedure is new, its lack of general acceptance may be due to either unreliability or novelty. In this case, the methodology has been in general use in speech science for over forty years; only the particular application is new.
46 See Petrosinelli, supra note 36, at 319.
heard of a new procedure. For example, People v. King 4 7 involved the admissibility of spectrogram (voiceprint) evidence. The judge defined the relevant field as anatomy, physiology, physics, psychology and linguistics. 4 8 The test results were excluded when the proponent could not prove general acceptance in all these disparate disciplines.
There is also danger in defining the field too narrowly. In the case of a dispute within a discipline, those who dissent from the conventional wisdom may form their own subfield, within which untested or unreliable evidence is generally accepted. For example, People v. Williams 49 involved the admissibility of a controversial Nalline test for detecting narcotic use. The court defined the relevant field as "those who would be expected to be familiar with its use." The test results were therefore easily admitted, although the evidence showed that the medical profession generally had never heard of this supposed test. 50 Once the field has been defined, the court must decide if a testing procedure has been generally accepted. This language is obviously ambiguous. How many scientists must agree? How unanimous must the agreement be? What is the effect of the opponent's producing "experts" who dispute acceptance? Is any paid consultant's opposing testimony enough to disprove general acceptance? These issues have never been answered by courts interpreting the Frye test. 51 Even if general acceptance were more clearly defined, the Frye test does not set forth any specific foundation requirements. In the first place, it does not place any restrictions on who may be called as a witness. The general acceptance language could be interpreted as requiring a disinterested foundation witness other than a scientist who helped create the new technique. 5 2 Such a disinterested witness, however, is unlikely to know enough about the new technique to answer questions (especially on cross-examination) about the details of its operation. Witnesses who know most about the details of a particular test, however, are often not scientists, but technicians or "examiners" who are trained to use a piece of testing equipment, but who are unable to provide necessary information to determine 47 its underlying scientific reliability. 5 3 It is also unclear whether a single witness can establish general acceptance. A few courts have held that more than one expert is required, 54 although this conflicts with the general evidence principle that a foundation may be laid by a single person unless a rule clearly requires corroboration.
Is general acceptance a matter merely of expert opinion, or is some minimal level of conditional fact required? For example, may a procedure ever be said to be generally accepted as scientifically valid based on a single validating study? The Frye test seems to assume that additional validating studies will be done over timeotherwise there is no reason to require a probationary period for new scientific techniques. Some courts, however, have admitted voiceprint evidence on the basis of a single study from Michigan State University. 55 If additional validating studies are required, how many are required? Must they be done by a second research team? Is publication in a peer-reviewed professional journal sufficient? Is any particular degree of significance required in the validating studies? Must the studies show that a test is 98% reliable? 90%? 75%?
Frye refers to a requirement that some "thing" have gained general acceptance. 5 6 It does not explain what that thing is. Although it seems obvious that the court was referring to the specific testing procedure at issueuse of a device that measured systolic blood pressure changes to detect deceptionin the same paragraph, the Frye court refers to scientific principles, discoveries, and deductions. It leaves open the issue of whether general acceptance must be proved for the underlying scientific theory, 57 the technology, 58 the procedure and technique, 5 9 the particular instrument used, 60 or some combination. This can make a substantial difference, because novel scientific evidence may involve a new theory, a new applica- tion of established theory, an improved procedure, or the use of a new instrument. 6 1 Finally, Frye is bad law because it requires judges to make decisions for which they are ill-equipped. Judges generally are illiterate in science, untrained in statistics, and operate in a legal culture that is non-scientific (if not actively hostile to science). 62 Judges are therefore poorly equipped to distinguish generally reliable from unreliable methods. Nor are they likely to get any help from lawyers, who are similarly untrained in science and have difficulty accessing scientific debates in science journals. 63 
Frye Is Premised on Bad Psychology
One underlying premise of the Frye test is that jurors will be easily awed by expert testimony. Gianelli asserts that "an aura of scientific infallibility may shroud the evidence and thus lead the jury to accept it without critical scrutiny." 64 Professor Laurence Tribe makes the same argument about statistical evidence. 65 In U.S. v. Addison, the D.C. Court of Appeals asserts that scientific evidence may "assume a posture of mystic infallibility in the eyes of a jury of laymen." 6 6 This assertion about human behavior is dubious. Social psychologists have demonstrated that people generally undervalue scientific data, misunderstand and under-utilize statistics, rely on anecdotes and emotion rather than empirical scientific evidence when making important decisions, and persistently hold beliefs contrary to scientific logic and mathematics. 67 Some studies focusing specifically on juries have found that expert witnesses have no sig- 
Modified Frye Tests
One proposal would modify the "general acceptance" part of the Frye test. Commentators have suggested the substitution of "substantial" or "reasonable" acceptance. 70 This would probably have the effect of admitting more scientific evidence, but would still be ambiguous and difficult to apply. It also would be unlikely to more effectively distinguish reliable from unreliable new techniques.
A second proposal would modify the definition of "field." In People v. Williams, 7 ' the court stated that it would accept scientific evidence unknown in a general scientific field, if it were accepted as reliable within a narrow specialtym-those who would be expected to be familiar with its use. This variation would naturally tend to admit more novel scientific evidence, but it fails to address the problem that even within a specialty field, acceptance is not the same thing as reliability.
The third proposal is to modify Frye's requirement that the technique be generally accepted. It would require only that the scientific principles underlying a new testing procedure be generally accepted. New testing procedures designed to explore a particular problem using generally accepted principles and existing equipment would be admissible, even if the particular application were new. 72
E.g., Martha A. Myers, Rule Departures and Making Law: Juries and Their Verdicts, 13
LAW & Soc'y REV. 751, 762 (1979).
69
A third alternative has also been suggested: delegating the decision on reliability to independent bodies of science advisors. Some have suggested the creation of a science court, others the use of independent bodies of experts hired to advise courts on validity of scientific techniques. See Gianelli 
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TANFORD, PISONI, AND JOHNSON
Relevancy Tests
The trend, however, is to reject Frye rather than to attempt to modify it. As early as 1954, leading scholars were calling for the substitution of a basic relevancy test. Any relevant scientific evidence supported by a qualified expert should be presumptively admissible. 73 Neither the evidence's novelty nor its lack of general acceptance are dispositive, for neither criterion makes scientific evidence relevant. 74 The primary check against unreliable or pseudoscientific evidence is the rule permitting the opponent to contradict the expert's testimony by introducing passages from leading textbooks in the field written by reliable authorities. 75 Scholars who advocate the use of a basic relevancy test have suggested five criteria which scientific evidence sought to be admitted should meet. First, the evidence must be introduced through a properly qualified expert. Second, the subject matter must be one on which expert testimony will assist the jury. Third, all equipment involved in generating the evidence must be shown to be in good working order. Fourth, the evidence must be relevant under basic relevancy rules. Fifth, the probative value of the evidence must be "weighed" against its potential prejudicial effect. Each of these criteria will be discussed in turn.
a. Introduction by an Expert Witness
The first admissibility requirement under a relevancy approach is that scientific evidence must be introduced through a properly qualified expert. All novel scientific evidence must be sponsored by an expert witness who can explain both the theoretical and practical reliability of the new testing procedure. Although the usual rule is that either education or experience will qualify a person as an expert, 76 [Vol. 82
EXXON VALDEZ ACOUSTIC ANALYSIS b. Expert Testimony Must Assist the Jury
The second requirement is that the subject matter must be one in which expert testimony will assist the jury. Expert testimony generally is permitted only in situations in which the jury could use some help. For example, experts with breathalyzers and blood test results will be of real assistance to a jury in determining a person's blood-alcohol content, but traffic safety experts are probably not needed to help ajury determine if high-speed drunk driving is dangerous. The difference is whether the jury is presumed to be competent to draw their own conclusions based on observations.
There are three possible situations in which introduction of expert testimony might be sought. First, the data upon which conclusions are to be drawn may be beyond the jurors' perceptions, so that jurors are incapable of drawing any conclusions about the subject, e.g., quantum mechanics or brain surgery. In this case, experts will always be permitted. Second, the data may consist of common subjective evaluations based on perceptions completely within common knowledge, e.g., whether a concrete block falls to the ground when dropped off a scaffold. No physicist is necessary to explain gravity. In this situation, experts are superfluous. Third, the subject may be somewhere in between. The data may be partially hidden, or it may be an area in which lay and expert witnesses use quite different methods for reaching similar kinds of conclusions, e.g., whether failure to water a lawn during a drought caused grass to die.
Under traditional principles of evidence law, still followed in a few states, scientific evidence was presumed inadmissible. Expert testimony was permitted only in the first situationwhen the matter at issue was completely beyond the understanding and common experience of the average juror. 78 Thus, scientific evidence was excluded if the jurors and the expert were similarly qualified to draw conclusions. The rule did not recognize the possibility that jurors might draw better conclusions with the aid of experts.
The modem version of the rule 79 reflects the contemporary view of presumptive admissibility. It states that scientific evidence is admissible if it will "assist" the jury in understanding the evidence or in drawing conclusions. Under this version, evidence should be admitted ifjurors and experts can both draw reliable conclusions. Indeed, it is under this modem view that testimony on field sobriety The third requirement is that all equipment involved in generating scientific evidence be shown to be in good working order. Inherent in the creation of scientific evidence is reliance on machinery, technology, and laboratory equipment. The reliability of an ultimate scientific conclusion may depend on factors the scientist takes for grantedthat ordinary pieces of apparatus were in good working order and were operated by qualified persons. The law requires proof that instruments and equipment, such as microphones, tape recorders, and X-ray machines, were in good working order and were properly operated during the creation of any particular piece of scientific evidence. It also requires that human beings be accounted for. If an expert relies on lab technicians or graduate students, they must be shown to be reliable and properly trained. Some jurisdictions also require proof that reliance on these supporting procedures be considered reasonable by experts in the field. 8 '
d. Scientific Reliability (Relevance)
The fourth requirement is that scientific evidence must be relevant under basic relevancy rules, such as Federal Rules of Evidence (FRE) 401-402. Under FRE 401, evidence is relevant whenever it helps the jury determine the facts in issue to any extent. Gianelli argues that scientific evidence will help the jury when it can be shown to be reasonably reliable under a three part test: 1) The underlying principles must be considered valid by the scientific community. The test must be based on conventional scientific theory. 2) The technique applying the principle must be scientifically reliable. Has basic research been conducted that demonstrates that the procedure works as predicted, and generally produces statistically significant results?
3) The technique must have been applied properly on the occasion of the particular test. 8 2 Novelty and lack of general acceptance do not negate reliability, and thus go to the weight rather than the admissibility of the evidence. 8 3 This relevancy test creates a standard of presumptive admissibility. Ajudge "should exclude an expert opinion only if it is 'fundamentally unsupported' and 'would not actually assist the jury in arriving at an intelligent and sound verdict.' 184 As a rule, "it is better to admit relevant scientific evidence in the same manner as other expert testimony and allow its weight to be attacked by cross-examination and refutation." ' 5 Thus, any relevant conclusions supported by even a single qualified expert witness should be received unless there are distinct reasons for excluding them. 8 6 e. Balancing Probative Value Against Prejudicial Effect
The fifth requirement is that the probative value of the scientific evidence must be "weighed" against its potential prejudicial effect. 8 7 Under the federal rule, the evidence will be admitted unless its probative value is substantially outweighed by the danger that it will mislead the jury. 8 8 If the evidence helps to prove one of the central disputed issues in a case, it will almost always be admissible. 8 9 The mere fact that evidence is scientific in nature does not make it prejudicial.
Courts have generally articulated only one major danger: scientific evidence may mislead a jury into making a factual error because of a supposed aura of scientific infallibility. 90 McCormick argues that one expert is not enough. He would require some corroboration, such as publication in a peer-reviewed journal, and that scientists rather than technicians serve as expert witnesses. MCCORMICK, supra note 36, at 609. 87 See J. Alexander Tanford, A Political-Choice Approach to Limiting Preudicial Evidence, 64 IND. LJ. 831, 859-71 (1989) (criticizing balancing metaphor and suggesting that courts are really making choices). 88 See Gianelli, supra note 33, at 1230. FED. R. EvID. 403 also provides for the exclusion of relevant evidence that will cause undue prejudice, confusion of the issues, and undue waste of time. Scientific evidence does not substantially implicate any of these. Unfair prejudice refers to the arousing of emotions in jurors, when those emotions are not inherent in the nature of the case. Tanford, supra note 87, at 843. Confusion of the issues generally refers to confusion about the legal issues. If evidence tends to cause jurors to apply an erroneous understanding of the law, it is prejudicial. Id. at 847-48. Undue waste of time usually means that undue time would be spent on tangential issues, and does not apply to evidence that casts light on the central issues. Id. at 852-54. 89 See Tanford, supra note 87, at 863-64 (if evidence has any real probative value, courts admit it).
90 See Gianelli, supra note 33, at 1237. If techniques are demonstrable in the courtroom and involve principles and procedures understandable to the lay jury, there is little
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psychologists, however, suggest that the risk of undue influence is minimalcertainly far short of the "substantially outweighs" standard of Rule 403. The better test would find substantial danger of misleading the jury only when "an exaggerated popular opinion of the accuracy of a particular technique makes its use . .. likely to mislead the jury."' ' A supposedly different version of the relevancy test was suggested in United States v. Downing. 9 2 The Downing test bases the admissibility of scientific evidence on Rule 702 rather than Rules 401-403. 9 3 It assumes that the use of the word "assist" in Rule 702 means more than mere relevancy. The Downing court suggested a balancing analysis that asks: 1) How reliable is the process or technique used in generating the evidence? 2) Will it overwhelm, confuse or mislead the jury? and 3) How strong is the connection between the test results and the factual dispute? This test seems virtually indistinguishable from the basic relevancy test.
A few appellate courts have endorsed a more informal, ad hoc determination of reliability. 94 These courts apparently focus primarily on the third criteria of the relevancy test: was the test properly conducted in the particular case? This is clearly a question of fact for the trial judge. The problem with this approach is that it grants to thousands of trial judges the power to make individual rulings on the validity of scientific theories and techniques. Trial judges, however, will not all be equally scientifically literate, and their rulings are likely to vary. Yet, the very essence of science is its universality. 9 5 It does not vary from county to county and case to case, so a rule of law permitting such results is unsound. 9 6 concern with experts having undue influence. However, when the nature of the analysis is esoteric or invisible, e.g., DNA-typing that depends on knowledge of molecular biology, chemistry, genetics and statistics, a stronger showing of probative value could be required. See We concede at the outset that the results of our analyses of Captain Hazelwood's speech are probably not admissible under the Frye test. Although our evidence derives from generally accepted scientific theory, and uses standard techniques of speech analysis, the particular application to alcohol has not yet achieved general acceptance. Despite all the problems of interpreting the meaning of the old Frye test, it is doubtful that the evidence would be admitted in any jurisdiction that strictly follows the old rule, which favors exclusion.
It is also unlikely that our evidence would be admissible under two of the modified Frye tests. The application probably has not yet gained "substantial" acceptance. It is too new for many speech scientists to have heard of and thought about it. Articles describing the procedure are just now appearing in peer-reviewed scientific journals. Nor has a subspecialty emerged that uses this novel application to measure the effects of alcohol on speech, the existence of which would justify using the "narrow field" test.
This evidence might, however, be admissible under the third Frye modification, which requires a new forensic application to be derived from accepted techniques, based on generally accepted underlying scientific principles and using generally accepted laboratory equipment. To lay a foundation under this Frye variation, the proponents must show that the underlying scientific theory is considered valid (generally accepted) by the scientific community, and that the techniques and equipment used are known to be reliable and are in widespread use (generally accepted) in the scientific community. These are essentially the same requirements contained in part four of the relevancy test, and will be considered below.
B. ADMISSIBILITY UNDER A RELEVANCY TEST
Whether evidence of acoustic analyses of Captain Hazelwood's speech using audio tapes from the Exxon Valdez should be admissible under the modem relevancy test depends on the answers to five questions: 1) Is a properly qualified expert witness available who can explain the theoretical and practical reliability of the tests? 2) Is the subject-matter one on which expert testimony will assist the jury in understanding the evidence and drawing accurate conclusions? 8) Were all pieces of equipment used in the test in good working order, and all technical personnel adequately trained? 4) Are the underlying theories reliable, are the techniques valid, and were the proper procedures followed? 5) Is there an exaggerated popular opinion of the accuracy of the technique so that its use is likely to mislead the jury?
Introduction by an Expert Witness
Properly qualified experts in speech science must be available to sponsor the evidence. Speech science is a diverse field that draws upon linguistics, psychology, clinical speech and hearing science, physiology, physics and electrical engineering. 9 7 The tie that binds the field together is the Acoustical Society of America, which includes a speech communication section. A person with a graduate degree in one of the underlying disciplines, with training or experience focusing on speech science, affiliated with a universityor industry-sponsored speech laboratory, who is a member of the ASA, and who is familiar with the literature on alcohol and speech, 9 8 ought to qualify as an appropriate witness.
Because the evidence in the Hazelwood case concerns the effects of alcohol on speech, some experience in the field of alcohol research also is desirable. Even among speech scientists, however, few will have the necessary expertise. The effects of alcohol on speech production is tangential to the main body of acoustic-phonetic research. 9 9 Few speech scientists have personally conducted research in the area because the research protocols' 0 0 are more complicated than for usual speech research, and because no obvious theoretical issues are involved. However, at least a few qualified experts are available. 
Expert Testimony Will Assist the Jury
If the results of acoustic analyses of Captain Hazelwood's speech are to be admissible, the evidence must assist the jury in determining whether Hazelwood was intoxicated. People draw conclusions about intoxication all the time, 10 2 so this is not a situation in which experts are required because the data necessary to draw reliable conclusions are inaccessible to the average person. Neither is this a topic considered so completely within common knowledge that experts are never permitted. Courts routinely admit other forms of expert testimony concerning alcohol impairment, such as the results of breathalyzer and blood tests 10 3 and field sobriety tests. 10 4 Therefore, our acoustic-phonetic analyses should be evaluated under the middle category in which particular experts will be allowed if their testimony will assist the jury in drawing accurate conclusions.
Empirical research suggests that jurors often can tell whether a speaker is intoxicated. Many phonetic changes that accompany alcohol impairment, such as word substitutions and revisions, are easily detected by naive listeners. Pisoni and Martin found that both college students and Indiana State Troopers could identify intoxicated (0.10% BAL) talkers with about 80% accuracy when they directly compared intoxicated to sober speech samples.1 0 5 Even when a speech sample was presented in isolation, Martin and Yuchtman found that naive listeners were able to identify intoxicated speakers based on listening with about 66% accuracy. Although these detection rates are better than chance, they also show that jurors can make mistakes. Can expert testimony by speech scientists assist the jury in minimizing these mistakes? The issue is not whether experts can more accurately determine whether a speaker has been drinking, but whether they can provide additional data that will assist the jury's common sense determination.
In the Exxon Valdez case, the information that can be provided by experts is nonredundant. Although speech scientists' observations of gross phonetic changes overlap the aural information jurors personally conducted research on the effects of alcohol on speech, and is familiar with the literature. rely on, their instrumental measurements provide data otherwise unavailable to jurorsobjective, unbiased quantitative measurements of segmental and suprasegmental effects, such as pitch, duration, and amplitude. 10 6 Like breathalyzer measurements, expert evidence based on acoustic-phonetic analyses of speech would provide unbiased data to supplement jurors' intuitions. This would assist, rather than hinder, the jury in reaching a more accurate conclusion about whether a speaker was intoxicated.
Equipment in Good Working Order
To satisfy the third part of the foundation for scientific evidence, all equipment involved in acoustic analyses of speech samples must have been in proper working order at all times in question. This requirement would be an essential part of speech science research 1 0 7 even if it were not part of the legal foundation. One measure of the true scientific nature of tests and experiments is the degree of care taken to make sure all the equipment was in good working order and operated properly by trained technicians.
Because the analysis procedures used on the Exxon Valdez tapes involved a comparison across speech samples, rather than absolute detection of impairment, the only real requirement for the recordings is that the same recording and playback equipment was used for both samples in the comparison. Most imperfections in equipment would appear on both the control and test recordings and would not affect analysis. For example, if a tape recorder runs slightly slowly, the resulting tapes when played back will show increased average pitch compared to the person's true pitch. We are concerned, however, only with relative changes in pitch between samples, a factor unaffected by the overall change in tape speed.
Concededly, a tape recorder could suffer from wow and flutter or other erratic speed fluctuations that could affect tape-to-tape comparisons. The possibility of unusual speed variations in this case was minimized by verifying that the speaking rate of a presumably sober Coast Guard radio operator on the same tapes did not vary significantly. In addition, we analyzed background noise across tape samples and found that its frequency did not vary significantly. These two sets of measurements strongly indicate that the equipment was properly functioning to the extent necessary for drawing reliable conclusions based on tape-to-tape comparisons.
In order to minimize the possibility of error in the laboratory, it 106 See supra Tables 3-6 . 107 See BORDEN & HARRIS, supra note 9, at 224-25.
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[Vol. 82 is common to take multiple measurements using different personnel. We followed such a procedure in analyzing the tapes of Captain Hazelwood's speech. Two well-trained post-graduate researchers made independent, overlapping measurements. No errors were detected when we compared them. This is standard operating procedure in speech science laboratories around the country. 1 0 8
Scientific Reliability and Relevance
The evidence concerning Captain Hazelwood's possible alcohol impairment is sufficiently reliable to be relevant under FRE 401 and 402.
a. Theory
The general principles of speech science are considered scientifically valid and are not controversial. 10 9 The specific theoretical assumption underlying our acoustic analyses of Captain Hazelwood's speech samples is that alcohol affects motor function which affects speech control. 110 This, too, seems largely undebateable. After all, it is one of the major assumptions underlying field sobriety tests routinely used by law enforcement agencies as preliminary evidence of alcohol impairment. Another indication of the validity of this theory is the publication in peer-reviewed scientific journals of three articles describing this research and its theoretical underpinnings." 1 I No articles have been published that suggest any contrary view. Indeed, the results are consistent with the findings from over forty years of basic research on speech acoustics and speech production. 1 2
b. Validation of Technique
The general techniques of acoustic-phonetics that we employed are in common use in speech laboratories throughout the country. Previous research has validated them as reliable methods of measur-ing speech effects. 113 Previous controlled studies of subjects other than Captain Hazelwood demonstrate that these techniques can reliably measure when a person's speech has been affected by alcohol consumption. Acoustic analyses cannot prove that a person was definitely intoxicated, nor specify the exact blood alcohol level. However, the Pisoni and Martin study revealed that alcohol affects speech in predictable ways, producing patterns of measureable effects more consistent with significant alcohol impairment than with any other known condition that affects speech. 1 4 The results of the Pisoni and Martin validating study are further corroborated by other experimental studies of alcohol-related speech impairments. 1 5
Balancing Probative Value Against Prejudicial Effect
Because the scientific evidence concerning Captain Hazelwood's speech is reliable, it should be admitted unless some Rule 403 danger substantially outweighs its probative value. Assuming the evidence is introduced in a case in which the possible intoxication of Captain Hazelwood is an important issue, its probative value is high. It is the only evidence of its kind. The duration and frequency measurements are unique because they are the only physical evidence and the only unbiased evidence bearing on the issue of intoxication. The only other available evidence consists of the opinions of eyewitnesses who worked for Exxon. Nonredundant evidence on a central issue will almost always be admissible,"1 6 because it would require extreme Rule 403 dangers to significantly outweigh high probative value.
There is no problem here with the usual danger associated with scientific evidencemisleading the jury into making a factual error because of an exaggerated popular opinion of the accuracy of a particular technique. There is little, if any, evidence that the public has ever heard of acoustic-phonetic analysis of speech.
Are there any other possible FRE 403 dangers? The only other likely objection to it is that it may constitute an undue waste of time. This objection is normally unavailing when the evidence goes to the heart of an issue, as this evidence does. It is unlikely to be consid-113 Eg., BORDEN & HARRIS, supra note 9, at 224-28, 230-36, 250-53; Flanagan, supra note 18, at 141-55, 184-86. 114 
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[Vol. 82 EXXON VALDEZ ACOUSTIC ANALYSIS ered an undue waste of time to allow a battle of experts on the central issue-whether Hazelwood was drunk. In any event, battles occur mostly when scientific evidence requires considerable subjective interpretation based on the absence of hard datapsychiatric diagnosis is the paradigmatic example. Our conclusion that Hazelwood's voice showed effects consistent with alcohol consumption is based in part on objective data (i.e., physical measurements of duration and fundamental frequency) requiring little interpretation. Nothing indicates the likelihood of any real debate over the conclusions that we draw. The opposition will most likely take the form of objections to the methodology employed. That battle will be fought mostly in front of the judge on the question of admissibility. Therefore, there is no serious risk of prejudice that can substantially outweigh the relevancy of the evidence.
V. CONCLUSIONS
Expert testimony, based on acoustic analyses of audio tapes, that Captain Hazelwood probably was intoxicated at the time the Exxon Valdez ran aground should be admitted. Properly qualified experts are available to sponsor the evidence. The evidence will assist the jury in determining one of the key facts in issue. The analyses of the Hazelwood tapes appear to have been conducted properly. The evidence itself is scientifically reliable. It is based on accepted theories of speech acoustics and uses standard equipment and technology. The accuracy of these techniques has already been demonstrated in controlled laboratory experiments in which subjects were intoxicated to known blood alcohol levels. Finally, no particular fact-finding danger is posed by its use. Accordingly, these analyses should be admissible under the emerging "relevancy test" for scientific evidence.
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